Experimental programs carried-out in integral test facilities are relevant for validating the best estimate thermal-hydraulic codes (1) , which are used for accident analyses, design of accident management procedures, licensing of nuclear power plants, etc. The validation process, in fact, is based on well designed experiments. It consists in the comparison of the measured and calculated parameters and the determination whether a computer code has an adequate capability in predicting the major phenomena expected to occur in the course of transient and/or accidents. University of Pisa was responsible of the numerical design of the 12 experiments executed in PSB-VVER facility (2) , operated at Electrogorsk Research and Engineering Center (Russia), in the framework of the TACIS 2.03/97 Contract 3.03.03 Part A, EC financed (3) . The paper describes the methodology adopted at University of Pisa, starting form the scenarios foreseen in the final test matrix until the execution of the experiments. This process considers three key topics: a) the scaling issue and the simulation, with unavoidable distortions, of the expected performance of the reference nuclear power plants; b) the code assessment process involving the identification of phenomena challenging the code models; c) the features of the concerned integral test facility (scaling limitations, control logics, data acquisition system, instrumentation, etc.). The activities performed in this respect are discussed, and emphasis is also given to the relevance of the thermal losses to the environment. This issue affects particularly the small scaled facilities and has relevance on the scaling approach related to the power and volume of the facility.
Introduction
The Project R2.03 of TACIS-97 (3) program "Software Development for Accident Analysis of VVER and RBMK Reactors" consisted of two independent parts: • Part A: development of Accident Management (AM) procedures (4) on the test facility
• accident management strategies of Balakovo NPP, i. e. optimal recovery procedures and
Critical Safety Functions (CSF) restoration procedures, results of Balakovo Emergency Operating Procedure (EOP) analytical justification and intention to support the development of missing EOP. The first list of tests was proposed in the Terms of Reference (ToR) of the project. This list was updated on the basis of the "ideal" test matrix proposed by UNIPI and RRC-KI (4) .
The final test matrix included the results from the discussion about the tests proposed in the "ideal" test matrix and took into account the suggestions of the other consultants (the Balakovo and EDO-GP specialists and EREC scientists). The final test matrix, in fact, considered that the boundary and initial conditions for each test must be adapted to the PSB-VVER facility. This can introduce some modifications that could affect the relevance of the test for the accident management in the reference plant, because of the PSB-VVER facility intrinsic limitations, which make impossible to perform some kind of tests (e.g. maximum cladding temperature has to be in the range 600-800 °C). Another relevant aspect, embedded in the final test matrix, was related to the code capability to reproduce the phenomena occurring during the selected tests. It has an important role in the demonstration of the code capability to realistically reproduce the plant behavior during an accident. The list of experiments actually carried out in the frame of the Project R2.03/97, part A is presented in Table 1 . Preliminary pre-test calculations in accordance with preliminary scenarios developed for experiments of Table 1 were executed using both CATHARE2/V1.5B and RELAP5/Mod3.3 codes. The final scenarios were, therefore, the result of a systematic methodology which considers the results of preliminary pre-test calculations, the characterization tests provided by EREC, the analyses performed at UNIPI, the discussions at the Working Group meetings in Pisa, as well as the further deeper analyses based on the final pre-test calculations and the NPP analyses preformed with RELAP5/Mod3.3 and CATHARE2/V1.5B codes. This methodology, described and discussed in the text, was the base for the execution of the largest experimental programme performed in the integral test facility PSB-VVER and suitable for assessing the code capabilities in predicting relevant scenarios occurring in VVER-1000 NPP.
The Procedure for Test Design
In the area of system thermal-hydraulics, the PSB-VVER (Fig. 1) is one of the largest test facilities put into operation with a power and volume scaling factor equal to 1/300. The volume-to-power scale, full-pressure, time-preserving scaling laws were adopted for the design of the test facility. PSB-VVER is the most qualified facility for the study of the VVER-1000 and the only one in operation. The facility includes all the main components of the primary system of the prototype NPP, till the connections between the steam and feed-water lines with the Steam Generators (SG). Emergency Core Cooling Systems (ECCS), are part of the facility, as well as all components and systems on the secondary side needed for the simulation of the concerned accident management related scenarios. The process of test design applied was based on the following three key topics: a) the scaling issue and the 'reproduction/simulation', with unavoidable distortions, of the expected performance of the reference NPP, b) the code assessment process involving the identification of phenomena challenging the code models, c) the features of the concerned integral test facility (scaling limitations, control logics, data acquisition system, instrumentation, etc.). The procedure adopted, within the present context (see Fig. 2 ), includes the logical steps hereafter listed 1) Overview of previous experiments executed in PSB-VVER, part of the OECD Project (5) in progress, of similar experiments performed in other test facilities and of data available from NPP. This implied the selection of counterpart and of similar tests (6) , (7), (8) , (9) .
2) Consideration of thermal-hydraulic phenomena of the OECD/CSNI code validation matrix (10) , (11) including the VVER matrix.
3) Consideration of phenomena specifically relevant for accident management, e.g. natural circulation, depressurization, discharge of saturated water from one vessel to another. 4) Consideration of the list of experiments indicated by the Term of Reference and, again, the related relevance to the accident management. 5) Consideration of the features of the PSB-VVER (4) , (12 (4) nodalizations for both CATHARE2 and RELAP5 codes. 9) Qualification of VVER-1000 and PSB-VVER (4) , (13), (14) nodalizations.
10) Ideal test matrix, to accomplish steps 1 ) to 3). 11) Actual test matrix to combine step 10) with steps 4) and 5), including the specification for main test goals. 12) VVER-1000 calculations adopting the VVER-1000 nodalizations from step 9) to substantiate, as far as possible the findings from step 3), including the consideration of the scaling issue (see also below). 13) PSB-VVER preliminary calculations adopting the nodalization from step 9) to address the scaling issue and the integral test facility features from step 5). 14) Evaluation of calculation results from step 13) and feedback with steps 3), 4) and 5). The result of this step is constituted by the final test designs. 15) Execution per each experiment, of pre-tests at UNIPI ("generic" test facility configuration) and of pre-tests at EREC ("specific-detailed" test facility configuration). 16) Calculation of uncertainty bands for pre-tests of two experiments. The process of test design continued till the evaluation of the experimental database. At the end of the process of experimental data analysis, any designed test was accepted, considering the correspondence between measured data (i.e. targets of the experiments) and the outcomes of steps 11) and 12) indicated above. The above listed steps have been also reported in the Fig. 2 which outlines the role of the facility and of the reference NPP in the process, particularly in the preliminary and final pre-test and post-test activities. For sake of completeness, the created experimental database consisted of four key parts: a) the integral test facility description including test specific configuration and description of components added for the execution of individual experiments; b) the results from the characterization or shake-down tests (pressure drops, heat losses, volume vs. height, etc.); c) the logic of imposed events in each experiment; d) the resulting sequence of main events and the time trends of a significant number of quantities.
The Nodalizations Developed and Qualification
The description of the nodalizations used in the framework of the present activity requires a long section that can be considered outside of the scope of the present paper. Nevertheless these computational tools were fundamental also during the design activity. For this reason this section has been included but the information here are limited to the list of the tools used. The design activity was supported on the application of four codes (different versions) and nine nodalizations, developed by three institutions, as hereafter summarized:
a. UNIPI PSB-VVER nodalization by CATHARE2 ( Fig. 3 ) (13) ;
b. UNIPI PSB-VVER nodalization by RELAP5 (Fig. 4 ) (14) ;
c. EREC PSB-VVER nodalization by CATHARE2; d. EREC PSB-VVER nodalization by RELAP5; e. EDO-Gidropress PSB-VVER nodalization by KORSAR; f. EDO-Gidropress PSB-VVER nodalization by TEACH; g. UNIPI Balakovo unit 3 VVER-1000/320 nodalization by CATHARE2; h. UNIPI Balakovo unit 3 VVER-1000/320 nodalization by RELAP5; i. EDO-Gidropress Balakovo unit 3 VVER-1000/320 nodalization by TEACH. A complete description of the nodalizations, as well as of all other activities, is reported in the published final report of the Project (4) . 
The Design of the PSB-VVER Experiments
The methodology developed to design the 12 scenarios starting from the contractual requirements (3) is outlined in Fig. 2 . The details about the procedure represented are hereafter discussed including sample results of the activities. The complete description of the activity is discussed in section 5 of Ref. (4), pp. 260-488. a) Starting from the general description of the 12 scenarios to be simulated in the experimental facility (Term of Reference of the Project) (3) , a detailed design of every scenario was needed (e.g. definition of the scaled core power, diameter of the valves throttles suitable for scaled mass flow rate, diameter of the throttle simulating the break, etc.). The pre-tests analyses were scheduled by UNIPI with CATHARE2 code (committed) and in parallel with RELAP5 code in order to have additional support information. Additional contributions were provided by EREC (RELAP5 code) and EDO-GP (KORSAR and TRAP codes) performing additional pre-tests of selected transients, see Table 1 .
b)
The main phenomena connected to the general scenarios were addressed preliminarily given their relevance in demonstrating the thermal-hydraulic system codes capabilities. With regards to this issue, it was stated that physical phenomena of VVER-1000 accident management scenarios are analogous to those discussed in the validation matrices for VVER Small Break (SB) Loss Of Coolant Accidents (LOCAs), Intermediate Break (IB) LOCAs and transients (see Ref. (10)). In fact, scenarios with simulation of accident management are initiated by the same initial events. Large Break (LB) LOCAs and related physical phenomena were not considered because at the time PSB-VVER was not able to simulate these accidents. It was also observed that procedures of "feed and bleed" type in primary and secondary circuits are important elements of accident management. Therefore the phenomenon "flow rates through valves" was included into the validation matrix for accident management. Moreover the "hydro-accumulator behavior", not included in the validation matrix (10) specific for VVER, was considered and included between the relevant phenomena as it is in the validation matrix for PWR (11) .
c) The capabilities of the facility were investigated with EREC staff in order to characterize and to demonstrate its performance. In this connection, the analysis was focused on the relevant phenomena that can be induced, reproduced and observed by the actual configuration of the test facility and by its measurement system. The information provided was: the relevance of the phenomena in connection with the selected scenarios and with item b); the capability of the facility to induce the phenomena defined in item b) and the capability of the measurement system to detect and supply data relevant for code assessment. Moreover the characterization tests (already available) were collected (e.g. Refs. (15) and (16) shake-down tests such as long lasting transients performed to check the overall system performance (e.g. instrumentation and data acquisition response, test conduct capability, etc.). Special care was paid to the scaling criteria of the facility and its performance in comparison with the others well known PWR integral test facility: for instance, the performances of the steam generators (with the helicoidal tubes) in transient conditions were investigated in order to demonstrate the correctness of the design criteria adopted with respect to the prototype VVER-1000 NPP (12) .
The analysis of the counterpart test executed in PSB-VVER facility, in the framework of the OECD Project, allowed to draw some conclusions based on the experimental data (Fig. 5 ) and the comparison with those obtained in other facilities. In fact, notwithstanding the differences among the considered facilities regarding the geometry, the scaling factor, the prototype plant that they represent, the overall similarity for this type of accident was evident. Furthermore, the phenomena that characterize the transient were replicated in all the facilities. This means they were not affected by the scaling. For sake of completeness it should be noted that Figure 5 includes experimental data of low power and of full power for two facilities, i.e. LOBI and SPES in which the different amount of core power did not affect the key phenomena experienced during this transient and (practically) it did not move the timing of their occurrence. This was a confirmation of the impossibility to extrapolate directly the time trend of any parameters from the trends measured in another installation. Moreover in the OECD database was also available a Natural Circulation (NC) test (17) carried out through stepwise reduction of the primary coolant inventory. The analysis of these experimental data (18) allowed the understanding about the relationship between natural circulation modes and the mass inventory and to provide information on the PSB-VVER natural circulation performance (and indirectly the VVER-1000 performance) using the natural circulation flow map and the database available at UNIPI (7) . Figure 6 shows the natural circulation map created by the envelop of ten experimental data obtained in six PWR simulators and putting them into a phase space (core mass flow rate over the core power versus residual Primary Side (PS) mass over PS volume). In Fig. 7 , the Residual Mass (RM), in percentage, at the dryout occurrence versus the volume scaling factor (Kv) of different facilities (essentially PWR simulators) is reported. The comparison confirmed that there are not correlations between Kv and the residual mass at the dryout. In the PSB-VVER facility the dryout occurred at the lowest value of the residual mass demonstrating that it has a greater capability of heat removal, in natural circulation conditions, then the equivalent (in terms of volume scaling factor) PWR simulators. d) In parallel, the data related to the reference NPP, Balakovo Unit 3 (19) , were analyzed, and used to set up the NPP nodalizations. The RELAP5 code model was derived by an existing "generic" VVER-1000 nodalization developed in several years at UNIPI and used in various international projects (20) . On the basis of the RELAP5 nodalization, of the available data and the information directly provided by the Balakovo NPP specialists, a VVER-1000 model was developed and qualified also for CATHARE2 code (21) .
e) A first list of generic transients was selected. The test matrices constitute the basis for experimental campaigns in integral test facility. A test matrix includes the target experimental scenarios, the relevant phenomena expected and the experiments identification. Two "ideal" test matrices and one Anticipated Transient Without SCRAM (ATWS) test matrix were proposed by UNIPI and by RRC-KI. These were derived from a review of needs in the area, considering all past and present experimental programs involving integral test facilities (e.g. LOBI, LOFT, BETHSY, PACTEL, LSTF, PMK, PKL, etc.) and focused on phenomena rather than on accident management relevant scenarios. As examples of tests part of the above two types of matrices (4) , it can be mentioned the test T.#7 of the UNIPI "ideal" test matrix aimed at maximizing the impact of thermal-hydraulic conditions during the Pressurized Thermal Shock (PTS) event and the test T.#7 of the ATWS matrix aimed at characterizing the phenomenon of sub-cooled boiling during fast transients. The "ideal" test matrices constituted the background to derive the final test matrix. The process involved the consideration of the Term of Reference experiments and the needs in the area of accident management. Twelve experiments (number part of the Term of Reference requirements) were designed. Later on, three additional experiments were performed and one more "repeated" experiment was included in the database. Therefore, the final Project matrix included sixteen experiments (see Table 1 ), each of them designed with specific objectives, such as T.#2 of Table 1 to test the effectiveness of the steps of the accident management strategy reference for the Project ("feed and bleed" procedure); T.#4, analogous to Bethsy test 9.1b, to address the scaling issue and to evaluate the similarity in the response between VVER-1000 and PWR; T.#5 to investigate complex NPP scenario involving multiple failures and simultaneous primary-to-secondary heat and mass transfer; etc.
f) The Boundary and Initial Conditions (BIC) of the selected tests were identified as well as the Imposed Sequence of the Events (ISE). These BIC constituted a first attempt to be evaluated by the application of the computer codes, item g).
g) Preliminary pre-test calculations adopting the PSB-VVER nodalizations by RELAP5 and CATHARE2 codes were carried out. The nodalizations of the facility were previously qualified (13) , (14), (22) using the data already available in the framework of another international project (the OECD PSB-VVER project (5) ). The preliminary pre-tests were useful to check the relevance of the selected scenarios and the correctness of the related boundary and initial conditions with reference to three main aspects:
• the effectiveness of the accident management procedures and their relevance; • the aspects challenging for the codes;
The results from the activity of the previous step caused the modification of some tests (e.g. general aspects, imposed events, initial conditions, etc.). An updated list of tests (mainly concerning the boundary and initial conditions, but also the imposed sequence of main events) was defined (4) .
i)
A new set of pre-test calculations (4) was performed taking into account the new boundary and initial conditions and imposed sequence of main events. The final pre-tests (sample results are in Fig. 11a and 12a) were executed not only for checking the final scenarios, but also for addressing the issues related to the design of experiments. During this phase the experimental data of three experiments (T.#4, T.#11 and T.#12) were already available, providing relevant information and feedbacks. In particular, the correct compensation of the heat losses was an important issue, given the long duration of many planned experiments (e.g. Station BlackOut, SBO; Loss Of FeedWater, LOFW, etc.). As the heat losses of the PSB-VVER facility are up to 2% of nominal power (16) , the core model power would decrease quickly to the heat losses level if they are not compensated. This would preclude continuation of the experiments simulating accident management procedures. The experiment T.#13 ( Fig. 8a and 8b) was designed with the objective of verifying the quantity of the thermal losses of the test facility during and at the end of high pressure transients. In T.#13, the power supplied to the core, when steam generators secondary sides are empty, is equal to the power released to the environment because the heat losses, while the experiment T.#7 was designed with the objective to simulate a station blackout scenario with an accident management procedures. In conclusion, the curve "core model power versus time" for PSB-VVER facility was defined in order to include the following contributions, using the same procedures already done at UNIPI for experiments carried out on LOBI and PIPER-ONE facilities:
• curve of power decay heat after scram for VVER-1000; • compensation of PSB-VVER heat losses (to be evaluated depending upon the transient condition). The heat losses compensation was then subdivided in two contributions: 1) the pressurizer heat losses compensated through the use of the pressurizer heaters and 2) the Reactor Pressure Vessel (RPV), the Reactor Coolant Loops (RCL), and the steam generators secondary side (depending upon the transient scenarios) heat losses that were compensated increasing the core power. On the contrary, the pre-tests of the experiment T.#3 (designed as counterpart test of Zaporozhye NPP Unit #1 incident in 1995) (23) highlighted the scaling distortions of a small facility with respect to a real NPP unit. In this case, the ratio between the masses of structure metal and of the water of the coolant is larger in the facility than in the VVER-1000. This causes a larger amount of energy released from the metal to the coolant in the experiment (as it is demonstrated by the measuring systems in Fig. 9) , that was taken into account in the design of the core power (reduced to zero at the beginning of the depressurization phase, without complete compensation of the heat released by the structures). j) Preliminary calculations were performed adopting the VVER-1000 NPP nodalization to highlight the phenomena expected and of interest in the plant. k) Russian comments were received concerning the implementation of the boundary and initial conditions and imposed sequence of events applied to the NPP transient scenarios.
l) A new set of NPP calculations, aimed at the verifications of the up-dated BIC and ISE of the scenarios, was carried out including the results of the step k): samples results are summarized in Fig. 11b and 12b. m) The final set of tests and related boundary and initial conditions and imposed sequence of events were defined, considering the results from steps i) and l), and are the basis for the executive plan of the experiments performed in the facility. Further final pre-test calculations were needed on the basis of new information on PSB-VVER special device set-up (e.g. main steam line break for T.#5, primary to secondary leak system T.#9); of the scaling distortions discussed at the end of item i) (T.#3) and of the results of T.#13 (which showed larger heat losses in very long lasting transients, like T.#6, T.#1 and T.#2). Those pre-tests constituted the basis for the executive plan of the just mentioned experiments performed in the facility. n) Execution of tests in the facility included three additional tests consisting in a single variant parameter of the accident management test matrix scenarios and the repetition of the T.#12 (demonstration of repeatability), see Table 1 and Fig. 10a .
The repeatability of an experimental test is a critical issue in any integral test facility and it is connected with the "control" of the boundary conditions. Such issue is more critical in case of long lasting transients because the difficulties in keeping under control causes such as: heat losses (absolute value); heat losses (spatial and timing distribution); very small leakages (e.g. valves, primary to secondary side leakages); minor changes in pressure drop due to chemical processes (e.g. corrosion, erosion, deposition); valves position repeatability; timing of action when manual operations are considered in the test. Given its relevance in connection with the evaluation of the code results the repeatability and consistency of the experimental data was deeply investigated, comparing also the experimental data of the others tests having similar boundary and initial conditions (see Fig. 10b ). The execution of the experiments, then, confirmed the considerations about the core power compensation for long transients, see item i) and Fig. 8 . Each experiment was provided with a suitable documentation consisting of a Test Analysis Report (TAR) and an Experimental Data Report (EDR). Samples data recorded during the experiments T.#5 and T.#7 are shown in Fig. 11c and 12c. o) The availability of the experimental results made possible the execution of the post-test calculations in order to demonstrate the availability of qualified computational tools. The codes applied in this phase were at different extent CATAHRE2 (F), RELAP5 (US-NRC), KORSAR (R) and ATHLET(D). The post-test analyses were performed taking into account the actual boundary and initial conditions and imposed sequence of events of the experiments.
p) The codes capabilities and the qualification level were checked using a standard (24) , (25) , aimed at evaluating the accuracy of the available computational tools in predicting the experiments. The evaluation of the accuracy was fulfilled from the qualitative and the quantitative point of view, see Refs. (4) and (27). q) The experiments were also simulated using the VVER-1000 nodalizations of Balakovo 3 NPP CATHARE2 as well as RELAP5 (4) , to check the expected phenomena in the plant. r) Considerations on scaling (4) were also carried out through a systematic comparison between the experimental data, the post test analyses and the simulation of the scenarios with the NPP nodalizations (CATHARE2 and RELAP5). XXX tpsbtr_aR05_A01i p156250000 
Conclusions
The experimental programme, performed in the framework of the Project TACIS 2.03/97, constitutes a relevant database for thermal hydraulic system code validation. It has been executed at PSB-VVER facility that is the most suitable and qualified for the study of the VVER-1000 NPP and the only one in operation. The final scenarios of the experiments were the result of a systematic methodology developed at UNIPI and described and discussed in the text. All the fulfilled steps of this methodology are highlighted, starting form the scenarios foreseen in the final test matrix until the execution of the experiments. The design process considers three main key topics: a) the scaling issue and the simulation, with unavoidable distortions, of the expected performance of the reference NPP, b) the code assessment process involving the identification of phenomena challenging the code models, c) the features of the concerned integral test facility (scaling limitations, control logics, data acquisition system, instrumentation, etc.). The steps of the design procedure, with particular regard to the boundary and initial conditions and imposed sequence of events are presented, as well as the tools used (codes and nodalizations of reference plant and of PSB-VVER facility). The final pre-test calculations were based on the results of the preliminary calculations, following the contributions of RRC KI and Balakovo NPP specialists, the information derived from the characterization tests, the scaling analyses, etc. The comparison between the various analyses related to the reference plant and to the expected experimental results (pre-test), showed that generally the transient in the experimental facility is slower than in the real plant. This issue, connected mainly with the effect of the heat losses, required specific considerations in order to evaluate the power compensation for the different scenarios. In this connection a specific additional experiment (T.#13) was executed. However, the relevant phenomena envisaged in the reference power plant were expected also to be observed (and occurred) in the experimental facility.
In conclusion, the methodology described was developed and applied for executing a valuable experimental database suitable for analyzing the phenomena and assessing the code capabilities in predicting scenarios occurring in VVER-1000. This was a necessary step for the qualification of the analytical tools used to evaluate and set up the accident management procedures in the reference unit#3 of Balakovo NPP.
